New nanocomposite microporous materials obtained by adding functionalized multi-walled carbon nanotubes (MWCNT) to styrene/vinylbenzyl chloride/divinylbenzene hyper-crosslinked resins were prepared and characterized. In order to promote the embedding of the MWCNT within the gel-type precursor, a suitable surface modification strategy was set up, based on the grafting of a poly(vinylbenzyl chloride) (PVBC) resin, able to participate in the hyper-crosslinking step, onto the nanotube surface.
Introduction
Porous materials characterized by high specic surface area (SSA) have attracted high scientic interest in recent years. High specic surface area and porosity, in fact, are the fundamental concepts for physical adsorption phenomena. Materials with physical adsorption properties are particularly interesting for their high sorption capacity and their low regeneration energy consumption. Adsorbent materials like activated carbons, 1 zeolites, 2 metalorganic frameworks, 3, 4 covalent organic frameworks, 5, 6 polymers of intrinsic microporosity, 7 hyper-crosslinked polymers 8 and carbon nanotubes 9 nd application in gas separation [10] [11] [12] and storage, 13, 14 catalysis, 15 and air 16 and water purication processes. [17] [18] [19] According to the IUPAC notation, porous materials are dened as microporous when containing pores with characteristic diameter up to 2 nm, mesoporous when having characteristic pores diameter comprised between 2 and 50 nm, or macroporous when being characterized by pores diameter over 50 nm.
Among microporous materials, hyper-crosslinked (HCL) resins stand out for their low density and high chemical and thermal stability 20 and for the possibility of tailoring their structure, porosity, and functionality.
21-23
The most studied HCL resins are Davankov-type resins, which are prepared by post-crosslinking of polystyrenes.
24-28
One of the synthetic routes to produce them consists in the post crosslinking of linear or lightly crosslinked "gel-type" precursor resins based on styrene (ST), divinylbenzene (DVB) and vinylbenzyl chloride (VBC). The precursor resin is usually prepared by suspension polymerization, then through post crosslinking various structural bridges between neighbouring phenyl groups are obtained. The hyper-crosslinking process leads to a highly porous three-dimensional network, which displays high specic surface area and excellent sorption properties.
In particular, this class of micro/mesoporous materials is characterized by high crosslinking degree, small average pore diameter (lower than 3 nm), high BET surface area (up to about 1800 m 2 g À1 ), and large pore volume (up to 0.8 cm 3 g À1 ).
28
A recent review of Fontanals et al. 26 well summarizes the structural and adsorption properties of HCL polystyrene resins. In particular, several studies have been focused on the effect of the compositions of DVB, ST and VBC on the nal properties of the hyper-crosslinked product. 29 In fact, the degree of crosslinking in the gel-type precursor can be modulated by varying the DVB content, whereas changing the molar ratio between ST and VBC, and thus the relative amount of chloromethyl groups in the gel-type precursor, signicantly affects the extent of the hyper-crosslinking. Within this class of materials, the highest specic surface is reported for the system obtained by using 2 mol% of DVB and 98 mol% of VBC.
of HCL resins, to nd alternative monomer compositions, including the use of bioderived monomers/macromers, or to add specic functionalities to the nal materials with the objective of imparting selectivity towards the absorption of selected gases or low molecular weight substances. Jia et al. 31 have recently evaluated the effect of the solvent used during the hyper-crosslinking step on the surface properties and the adsorption properties of ST/VBC/DVB resins, showing that, also based on environmental and economic considerations, 1,2-dichloroethane is a better option with respect to nitrobenzene. Li et al. 32 have synthesized a carbonyl modied VBC-based resin, characterized by improved adsorption properties toward an aromatic substance containing hydroxyl groups, i.e. glabridin, an isoavonoid, from water solutions. Following the studies of Zeng et al. [33] [34] [35] that synthesized a series of polar-modied post-crosslinked polystyrene, Ling et al. 36 have recently developed a highly polar HCL resins based on DVB and glycidylmethacrylate, characterized by improved adsorption of salicylic acid from water.
As concerning the use of bioderived raw materials, Meng and Weber 37 have recently realized a novel microporous polymer by hyper-crosslinking of organosolv lignin, that, aer pyrolysis, shows good carbon dioxide adsorption and excellent CO 2 /N 2 selectivity.
Other methods for the modication of sorption properties of HCL resins are based on the embedding of micro/nanoparticles within the polymer network. Wang W. et al.
38 synthesized a magnetic DVB-based HCL resin lled with needle-like g-Fe 2 O 3 particles, showing that the realized composite resin is suitable for rapid and efficient removal of organic pollutants from drinking water.
In this context, carbon nanomaterials, due to their intrinsic adsorption properties, [39] [40] [41] [42] are very interesting candidates to modulate the properties of HCL resins. In particular, carbon nanotubes (CNT) are effective in CO 2 adsorption 43 and in removing organic and inorganic pollutants from air 44, 45 or from water. 46, 47 The high adsorption capacity of CNT is mainly attributed to their porous structure. Furthermore, CNT surface can be modied by chemical modication or thermal treatments, introducing functional groups that can enhance the selective adsorption toward specic substances.
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On this basis, in this work properly modied multi-walled carbon nanotubes (MWCNT) were for the rst time incorporated into a ST/VBC/DVB HCL resin. The interaction of the llers with the hosting matrix, and their effect on the structure of the resin, the morphology, the specic surface area and porosity have been investigated. Furthermore, adsorption of phenol from water solution has been evaluated as a function of the composition of the resin and the amount of nanotubes.
Experimental section
Materials CVD-grown MWCNT functionalized with -COOH groups (MWCNT-COOH, purity >95%, functionality 0.7 wt%, diameter range 20-50 nm) were purchased from Cheap Tubes Inc. (Brattleboro, VT, USA).
Polyvinyl alcohol (PVA, Mowiol® 18-88, M w $ 130 000, 86.7-88.7 mol% hydrolysis), NaCl (>99%, anhydrous), NaOH ($97.0%, pellets), tetraoctylammonium bromide (TOAB, >98%), styrene (ST, >99.9%), 2,2 0 -azobis(2-methylpropionitrile) (AIBN, >98%), vinylbenzyl chloride (VBC, $95.0%, mixture of isomers, $70% meta + $30% para), p-divinylbenzene (DVB, 85%, meta isomer, $10 wt%), FeCl 3 ($97%), phenol (>99.5%) and all solvents were purchased from Sigma Aldrich (Milan, Italy) and used without further purication.
Multi-walled carbon nanotubes surface modication
Carboxyl groups modied multi-walled carbon nanotubes (MWCNT-COOH) were functionalized by graing their external surfaces with poly(vinylbenzyl chloride) (PVBC).
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PVBC was obtained by solution polymerization using the following procedure. VBC (5 mL) was poured in a round-bottom ask lled with toluene (10 mL). AIBN (0.054 g) was added, the solution was heated to 60 C and the reaction was carried out under reux and under nitrogen for 14 hours. PVBC was precipitated in ethanol and dried under vacuum overnight. MWCNT-COOH (600 mg) were poured into 350 mL of a NaOH aqueous solution (0.005 M) and stirred for 15 minutes. Then 1 g of TOAB was added and the mixture was heated to 60 C. PVBC (300 mg), pre-dissolved in 250 mL of toluene, was added to the mixture. The reaction was carried for 7 hours under vigorous stirring, aer that the mixture was poured in a separatory funnel and the toluene phase was recovered and ltered. Modied MWCNT (MWCNT-PVBC) were puried from unreacted reagents by 3 washing cycles with chloroform and tetrahydrofuran, then they were dried in oven at 50 C for 24 hours.
Synthesis of the precursor gel-type resin by suspension polymerization
Poly(divinylbenzene-co-styrene-co-vinylbenzyl chloride) beads were obtained by suspension polymerization, using the following procedure. 25 A PVA (7.5 g L À1 ) and NaCl (33 g L À1 )
water solution (350 mL) was poured into a suspension polymerization reactor tted with a water condenser and a mechanical stirrer. The organic phase, composed of DVB, ST, VBC in two different molar compositions, 2 : 0 : 98 and 2 : 49 : 49, and 0.5 phr of AIBN, was mixed and maintained for 30 min under nitrogen; then it was poured drop by drop in the aqueous phase (in a ratio of 20 : 1 wt/wt of aqueous phase : organic phase) under stirring at 425 rpm. The reaction was carried out under nitrogen at 80 C for 6 h. The obtained beads were recovered on a 75 mm sieve and washed with 5 washing cycles of water and methanol. Then, the beads were further puried by Soxhlet extraction with acetone to eliminate remaining impurities. Finally, they were washed with methanol and diethyl ether on a paper lter and dried in a vacuum oven at 40 C for at least 24 h.
Beads containing MWCNT-PVBC were prepared using a similar procedure. In this case, before reaction, the right amount of modied nanotubes (1.5 and 3.0 phr) was dispersed within the organic phase by sonication for 50 minutes, with a 500 W tip sonicator at the 25% power, with a 10 s/50 s ON/OFF cycle, under nitrogen. The initiator (AIBN), 0.5 phr, was then added and the whole mixture was poured drop by drop into the aqueous solution of PVA and NaCl. The obtained nanocomposite beads were washed and dried following the procedure used for the neat polymer beads.
Hyper-crosslinking of the gel-type resin
The hyper-crosslinking reaction was performed using the following procedure. 30 The precursor resin was swollen in 1,2-dichloroethane (DCE), under nitrogen, for 2 h. Then the mixture was cooled to $4 C in an ice bath, and the Friedel-Cras catalyst, FeCl 3 , was added. Aer allowing 2 h to achieve a uniform dispersion of FeCl 3 throughout the precursor beads, the temperature was raised to 80 C and kept for 18 h. The hyper-crosslinked beads were then washed with methanol and dried in a vacuum oven for a day at 40 C.
MWCNT-PVBC characterization
The extent of the functionalization of the multi-walled carbon nanotubes by graing of PVBC was evaluated by means of Fourier transform infrared spectroscopy (FTIR) analysis, energy dispersive X-ray analysis (EDX), thermogravimetric analysis (TGA) and transmission electron microscopy (TEM). FTIR spectra were recorded on the neat PVBC resin, on pristine MWCNT-COOH, and on MWCNT-PVBC with a Perkin Elmer Spectrum One FTIR spectrometer. Spectra were collected using a resolution of 4 cm À1 and 32 scan collections.
EDX analysis was performed on a FEI Quanta 200 FEG SEM equipped with an Oxford Inca Energy System 250 and an Inca-Xact LN2-free analytical silicon dri detector. A thin layer of pristine MWCNT-COOH and MWCNT-PVCB was deposited onto aluminium SEM stubs. The analysis was performed at 30 kV acceleration voltage. Average results and standard deviation values are based on three consecutive measurements on different areas of each sample.
TGA was performed on pristine and modied MWCNT with a Perkin Elmer Pyris Diamond TG/DTA analyzer, using nitrogen as purge gas (50 mL min À1 ), heating about 3 mg of each sample from 100 to 900 C at 2 C min À1 .
Bright eld TEM analysis of MWCNT-COOH and MWCNT-PVBC was performed on a FEI Tecnai G12 Spirit Twin (LaB 6 source) at 120 kV acceleration voltage. TEM images were collected on a FEI Eagle 4k CCD camera. Before the analysis, pristine MWCNT-COOH were dispersed in water and MWCNT-PVBC in toluene by sonication (2 min) with a 500 W tip sonicator set at 25% power. Carbon nanotubes were then collected by immersing holey carbon coated copper grids in the dispersion.
Furthermore, in order to prove the ability of the graed PVBC phase to undergo the Friedel-Cras reaction, MWCNT-PVBC were subjected to hyper-crosslinking following the procedure already described for gel-type resins and obtaining the sample coded X_MWCNT-PVBC. This sample was characterized by FTIR spectroscopy, EDX and TGA, as above detailed.
Moreover, SSA was determined on pristine MWCNT-COOH, MWCNT-PVBC and MWCNT-PVBC through N 2 adsorption analysis performed at liquid nitrogen temperature using a Micromeritics ASAP 2020 analyzer. Prior to the analysis all the samples were degassed at 120 C under vacuum (P < 10 À5 mbar).
SSA was determined from the linear part of the BrunauerEmmett-Teller (BET) equation.
Precursor beads characterization
Precursor beads were characterized by FTIR and morphological analysis. ATR-FTIR spectra were recorded on the neat precursor and nanocomposite beads with the above described FTIR apparatus, equipped with a universal ATR sampling accessory, using a resolution of 4 cm À1 and 32 scan collections.
Scanning electron microscopy (SEM) of the beads was performed by means of a FEI Quanta 200 FEG SEM in high vacuum mode. Before SEM observations, samples were mounted onto SEM stubs by means of carbon adhesive disks and sputter coated with a 15 nm thick Au-Pd layer. External surfaces as well as beads cross-sections were observed for all the samples at 10-30 kV acceleration voltage using a secondary electron detector.
HCL resins and nanocomposites characterization
To conrm the extent of the hyper-crosslinking reaction, ATR-FTIR and EDX analysis was performed on the HCL samples using the above described equipment and experimental conditions.
Gas adsorption volumetric measures were performed on the HCL samples using a Micromeritics ASAP 2020 analyzer. All the adsorption measurements were performed using high purity gases (>99.999%). Prior to the analysis all the samples were degassed at 120 C under vacuum (P < 10 À5 mbar) in the degas port of the analyzer. In particular, N 2 adsorption analysis was performed at liquid nitrogen temperature to evaluate the SSA and the pore size distribution of the samples. SSA was determined from the linear part of the Brunauer-Emmett-Teller (BET) equation. Non-local density functional theory (NLDFT) was applied to nitrogen adsorption isotherm curves to evaluate the pore size distribution of the materials. 50 N 2 and CO 2 adsorption analysis were performed at 298 K up to 1 bar, and the equilibrium selectivity of the materials towards CO 2 with respect to N 2 was evaluated as the ratio of the absolute adsorption values. H 2 uptake capacity was evaluated at 77 K up to 1 bar.
Equilibrium phenol adsorption in water was performed at 25 C in the range of phenol concentrations 200-1500 mg L À1 .
About 10 mg of HCL resins or nanocomposites were introduced into vials containing 10 mL of phenol solution at different concentrations. The vials were kept at 25 C until equilibrium was reached (at least 48 h). Therefore, the solution was removed from the vial and the nal phenol concentration was measured using a Jasco V570 UV spectrophotometer. A calibration curve was built to determine the phenol concentration in water from the absorbance of the peak centred at 270 nm.
Results and discussion
The synthetic approach used for the realization of HCL polystyrene based resins and nanocomposites consists of a 2-step procedure. First, a gel-type precursor resin is synthesized by free radical polymerization and then the corresponding HCL resin is obtained by Friedel-Cras alkylation. The reaction scheme for this synthesis starting from DVB, ST and VBC is reported in Fig. 1 . Preliminary attempts to realize beads containing commercial MWCNT induced the obtainment of materials with macroscopic phase separation/aggregation of the nanotubes (see Fig. S1 †) . Therefore, it was necessary to design a suitable surface modication methodology of the nanotubes to promote their dispersion in the organic phase, and thus their quantitative inclusion within the precursor resin.
In order to obtain this result, a CNT modication strategy was adopted, aimed at graing a poly(vinylbenzyl chloride) (PVBC) resin onto the surface of the nanotubes.
49 PVBC was also selected for the surface modication of MWCNT because the resulting MWCNT-PVBC, through their surface chloromethyl groups, could be able to react with the precursor resin during the hyper-crosslinking step.
Multi-walled carbon nanotubes surface modication
In order to prepare MWCNT-PVBC, commercial carboxyl functionalized carbon nanotubes, MWCNT-COOH, were dispersed in a NaOH solution. The reaction between the obtained carboxylate salts, MWCNT-COO À , in the aqueous phase, and PVBC, dissolved in toluene, occurred through nucleophilic substitution of MWCNT-COO À to replace the chloride leaving group of PVBC and it was promoted by the phase transfer catalyst TOAB (Fig. 2a) . FTIR spectra of MWCNT-PVBC (Fig. 2b) revealed the presence of a sharp absorption band centered at about 1265 cm À1 (CH 2 wagging of the chloromethyl group), 51 of two convoluted absorption bands centered at 1420 and 1450 cm À1 (scissoring of CH 2 ), similarly to those observed for neat PVBC. Moreover, MWCNT-PVBC also showed the presence of complex absorption bands in the regions 2800-3000 (alkyl CH stretching) and 3000-3200 cm À1 (aromatic CH stretching).
The quantitative evaluation of graed PVBC was obtained by TGA. As it can be observed in Fig. 2c , under nitrogen ow neat PVBC degrades through a two-step degradation process, with a 60% weight loss between 200 C and 550 C. In the same temperature range, MWCNT-COOH do not show an appreciable weight loss, their degradation starting slightly above 550 C. On the contrary, MWCNT-PVBC undergo a degradation starting at about 250 C, with a weight loss of 5.3% between 250 and 500 C, attributed to the degradation of the graed PVBC.
Assuming that the presence of nanotubes does not inuence the degradation process of PVBC, a 5.3% weigh loss in the considered temperature range corresponds to an amount of graed PVBC of 8.8 wt%.
A further conrmation of the occurrence of the graing reaction was obtained by TEM analysis. Bright eld TEM images of puried MWCNT-PVBC, reported in Fig. 2d , show the presence of a homogeneous layer, about 2-3 nm thick, on the nanotube surface, indicating the occurrence of the graing reaction. To be noted is that, considering a density of 1.088 g cm À3 for PVBC, an average radius and density of 25 nm and 2.1 g cm À3 for MWCNT and simplifying the morphology of the nanotubes to a perfectly cylindrical shape, 52 a thickness of 2.0 nm corresponds to a PVBC content of 7.9 wt%, in agreement with the estimation obtained by TGA.
EDX analysis was used to evaluate the amount of unreacted chloromethyl groups in MWCNT-PVBC. The resulting chlorine/ carbon weight ratio in the modied carbon nanotubes resulted 1.78 AE 0.38%. On the basis of stoichiometric considerations, a mixture of plain MWCNT and 8.8 wt% of PVBC would result in a chlorine/carbon weight ratio of 2.12%. Therefore, it can be deduced that only about 16% of the chlorine atoms of PVBC are replaced during the graing reaction and then a large amount of residual chloromethyl groups of MWCNT-PVBC are still available for further reactions.
As detailed in the experimental, in order to conrm that the PVBC phase graed onto modied carbon nanotubes is able to participate to the HCL reaction when nanotubes are embedded into the precursor resin, hyper-crosslinking of the modied nanotubes was performed using the procedure reported for the resin and nanocomposite beads. FTIR analysis of the obtained X_MWCNT-PVBC sample conrmed the occurrence of the hyper-crosslinking reaction. In fact, as shown in Fig. 2b,  a easily explained considering the low mobility of the graed PVBC phase that, in the case under consideration, is constrained on the nanotube surface, thus precluding the possibility of achieving a high extent of hyper-crosslinking.
Synthesis of the gel-type precursors by suspension polymerization
The synthesis of gel-type precursor beads was performed by radical suspension polymerization starting from two different mixtures of monomers, DVB : VBC ¼ 2 : 98 molar ratio and DVB : ST : VBC ¼ 2 : 49 : 49 molar ratio, coded as DVB-VBC and DVB-ST-VBC, respectively. Nanocomposite beads were realized using the same monomer compositions and adding 1.5 and 3.0 phr of MWCNT-PVBC, thus obtaining the samples coded as DVB-VBC_1.5CNT, DVB-VBC_3CNT, DVB-ST-VBC_1.5CNT and DVB-ST-VBC_3CNT. In all cases, lightly crosslinked beads were produced, where the low amount of crosslinks is due to the bifunctional DVB monomer. In Fig. 3 ATR-FTIR spectra of gel type precursors and hypercrosslinked resins and nanocomposites are reported. These latter will be discussed in the next section. As concerning the gel type precursors, DVB-VBC and DVB-ST-VBC spectra show the absence of residual double bonds and the presence at 1265 cm À1 of the absorption band diagnostic for the chloromethyl groups of the VBC unit. Of course, the ATR-FTIR spectrum of DVB-ST-VBC is characterized by a lower intensity of the chloromethyl absorption band due to the lower relative amount of VBC. FTIR spectra of the corresponding gel-type nanocomposites containing 1.5 and 3.0 phr of MWCNT-PVBC, not reported in Fig. 3 , did not show signicant differences with respect to the unlled resins, thus indicating that MWCNT-PVBC do not negatively affect the synthesis of the gel type precursors.
SEM images of the gel-type resins and nanocomposite beads are reported in Fig. 4 and 5. As it can be observed, all the beads have a spherical shape, their diameter ranging between 100 and 400 mm, irrespectively of the presence of nanotubes. As concerning the external morphology, neat DVB-VBC and DVB-ST-VBC beads ( Fig. 4a and e) show a smooth surface, while an increased roughness was recorded for both compositions increasing the relative amount of MWCNT-PVBC. This roughness is attributed to the presence of appreciable amounts of nanotubes on the beads surface, as shown by high magnica-tion SEM images in Fig. 4d (DVB-VBC_3CNT) and 4 h (DVB-ST-VBC_3CNT).
In order to evaluate the distribution within the whole volume of the beads, SEM analysis was also performed on the beads sections (see Fig. 5 ). In stark contrast with the smooth and plain section of the neat beads observed for both compositions (see Fig. S2 †) , all the samples containing MWCNT-PVBC show a complex structure, almost irrespectively of the nanotube content.
In particular, as shown in Fig. 5 for the samples containing 3 phr of MWCNT-PVBC, just under the external corrugated layer of the beads, a macroporous layer with cylindrical pores of 300-400 nm diameter is evidenced, containing MWCNT-PVBC ( Fig. 5d and h ). Finally, a dense core containing a lower amount of MWCNT-PVBC with respect to the external layer, is shown in Fig. 5c and g.
The obtained results conrm the uneven distribution of MWCNT, that is an interesting phenomenon already observed in different systems, such as immiscible polymer blends 53 and water/paraffin emulsions. In the latter case, wax microparticles in which carbon nanotubes are selectively located at the particles surfaces have been obtained by cooling of water/paraffin wax Pickering emulsions. 54 The partially selective localization of the MWCNT at the surface of the gel-type precursor beads is expected to affect the adsorption properties of the HCL nanocomposites.
HCL resins and nanocomposites characterization
For the investigated class of materials, the hyper-crosslinking of the precursor beads was performed in a solvent-swollen state by using DCE, 31 through the reaction of the chloromethyl groups of the VBC monomer, inducing the formation of methylene bridges between neighbouring aromatic rings of the resin. Hyper-crosslinking preserves the porosity even when the swelling solvent is removed and thus provides high specic surface area to the materials. 55 As already stated, for the systems containing MWCNT-PVBC, modied nanotubes are able to participate to the hyper-crosslinking reaction with the precursor resin through the chloromethyl groups of the graed PVBC resin. This can induce the formation of a highly interconnected network of resin and nanotubes, which, in combination with the particular morphology and structure of the precursor beads containing modied nanotubes, supported the hypothesis that the addition of MWCNT-PVBC can affect the porosity and the adsorption properties of the HCL resin.
ATR-FTIR and EDX analysis. The extent of the hypercrosslinking reaction in the investigated systems was veried by means of ATR-FTIR analysis. As shown in Fig. 3 for the resins X_DVB-VBC and X_DVB-ST-VBC, the almost complete disappearance of the sharp absorption band centered at 1265 cm
À1
(evidenced with the grey rectangle in Fig. 3) , characteristic of the CH 2 Cl group, conrmed the occurrence of the hypercrosslinking. A similar behavior was also observed for all the samples containing MWCNT-PVBC, as shown in Fig. 3 for nanocomposites X_DVB-VBC_3CNT and X_DVB-ST-VBC_3CNT. EDX analysis performed on the HCL samples conrmed the occurred reaction, revealing for all the investigated systems a residual chlorine content close to 1.5-2.0 wt%, with no signicant differences amongst the samples. In agreement with FTIR results, this value, compared to the original chlorine contents of about 13 and 22 wt% of the DVB-ST-VBC and DVB-VBC based resin and nanocomposite precursors, respectively, indicates the large extent of the hyper-crosslinking.
Moreover, in Fig. 3 are also evident, for the HCL resins and for the nanocomposites containing 3 phr of surface modied CNT, complex absorption bands in the wavenumber range 1650-1780 cm À1 . These bands are much more intense in the case of systems obtained by the DVB-ST-VBC precursors. In previous studies, 56 for HCL reactions carried out in nitrobenzene, these absorption bands have been attributed to the oxidation of chloromethyl groups to carbonyl ones promoted by the solvent and further oxidation of the carbonyls to carboxyl groups promoted by oxygen. In our case, we used DCE as a swelling medium for the HCL reaction, and therefore the presence of large amounts of carboxyl groups was unexpected. A detailed explanation of the presence of absorption bands in the range 1600-1740 cm À1 for HCL Davankov-type resins was reported by Tsyrupa et al., 57 that denied the presence of C]O functionalities in the HCL polystyrenes, attributing these bands to hindered vibrations of carbon-carbon bonds and valence angles in aromatic rings. In our case, the hypothesis denying the dependence of these bands on C]O groups is conrmed by EDX results on the HCL systems that have evidenced comparable oxygen contents, 3.72 AE 0.13 mol% and 3.55 AE 0.23 mol%, for X_DVB-VBC and for X_DVB-ST-VBC, respectively, with no signicant differences recorded for the corresponding nanocomposites. Although this subject is outside the scope of this work, further investigations would be needed to explain why the intensity of these absorption bands is higher for the systems with the lower VBC content with respect to the DVB-VBC systems.
Specic surface area and pore size distribution. Results of the BET SSA and DFT analysis of the HCL resins and nanocomposites are reported in Table 1 . As it can be observed by the nitrogen absorption/desorption isotherms at 77 K in Fig. 6 , all the materials present a type II isotherm, with hysteresis in desorption attributed to the solubility of nitrogen in the HCL polymer.
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The obtained HCL materials show two different ranges of specic surface area. The set of HCL resins and nanocomposites obtained by the DVB-VBC systems have SSA values of 1700-1750 m 2 g
À1
, whereas the samples prepared from the DVB-ST-VBC show SSA values of 1000-1200 m 2 g À1 . This difference was already reported, 8, 29, 30 and it is explained considering the high amount of chloromethyl groups in the DVB-VBC class of materials, and thus their higher potentiality to induce the formation of methylene bridges between adjacent aromatic rings with respect to the DVB-ST-VBC systems.
By addition of MWCNT-PVBC, only a slight increase of the SSA was obtained for the DVB-VBC system, while for the DVB-ST-VBC resins the SSA was not signicantly inuenced by addition of 1.5 phr of MWCNT-PVBC and decreased from 1219 to 1069 m 2 g À1 at 3.0 phr nanotube loading.
Instead, the presence of modied nanotubes signicantly inuence the porosity of the resins. Applying the NLDFT to the nitrogen absorption isotherm curves and assuming a slit pore geometry, all systems are characterized by micro-and mesoporosity, with pore diameters basically up to 10 nm. For both the investigated monomer compositions, HCL nanocomposites containing 1.5 phr of MWCNT-PVBC showed a reduction of the total pore volume and an appreciable increase of the microporosity fraction, as reported in Table 1 . In particular, X_DVB-VBC_1.5CNT resulted in the highest microporosity fraction (0.64), which is also noticeable from the shape of the nitrogen absorption isotherm. In fact, for this sample the nitrogen adsorption mainly occurs at relative pressure p/p 0 < 0.3, and in this region the gas adsorption is ascribed to the smallest pores. With increasing the pressure, the sample was not able to adsorb a further signicant volume of nitrogen, conrming the presence of a reduced number of mesopores. X_DVB-VBC_1.5CNT also exhibited the smallest hysteresis loop, and this phenomenon is in agreement with the thermodynamic theory stating that the hysteresis area decreases with the decreasing of the pore size.
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By increasing the nanoller loading to 3.0 phr a reduction of the microporosity with respect to the systems containing 1.5 phr of MWCNT-PVBC was recorded. This effect can be ascribed to the preferential localization of the nanotubes on the beads surface during the polymerization of the precursor, as shown by morphological analysis. This phenomenon induces the formation of nanotube clusters, whose dimension increases with increasing the overall nanotube amount. Agglomeration of nanotubes can inhibit the extensive hyper-crosslinking between the PVBC resin graed on the nanotube and the bulk resin, thus leading to an increase of the mesoporosity fraction.
CO 2 uptake and CO 2 /N 2 selectivity. Physisorption is considered a promising technology for CO 2 capture, offering possible energy savings compared to other more established absorption technologies. In this view, microporous hyper-crosslinked resins are interesting candidates for CO 2 capture, and currently different research efforts aim at improving the selectivity of CO 2 sorption with respect to N 2 .
61
Results obtained on the investigated systems from CO 2 and N 2 adsorption tests at 298 K and CO 2 /N 2 absorption selectivity at low pressure are reported in Table 1 . CO 2 absorption values recorded for the HCL resins and nanocomposites are in agreement with the literature values for microporous polymers, conrming that there is not a direct correlation between SSA and CO 2 adsorption. In fact, as evidenced in Table 1 , despite to the large differences observed in the SSA, comparable CO 2 uptake values at 750 mmHg were obtained for the DVB-VBC and for the DVB-ST-VBC resins and nanocomposites. Moreover, the highest CO 2 adsorption values were obtained, for both the systems, at 1.5 phr MWCNT-PVBC loading, i.e. the samples showing the highest microporosity fractions. Moreover, either the monomer composition, either the presence of modied nanotubes signicantly affected the CO 2 / N 2 selectivity. In particular, the X_DVB-ST-VBC resin showed higher selectivity in comparison to the X_DVB-VBC resin. This effect can be ascribed to the preferential interaction between CO 2 and the p-electron density of aromatic rings. Styrene resins have been already reported as selective systems toward CO 2 capture, even if their CO 2 adsorption capacity is quite low.
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Furthermore, as concerning HCL nanocomposites, for both systems a noteworthy improvement of the selectivity was obtained in presence of nanotubes, with selectivity values up to about 20 obtained for the X_DVB-ST-VBC_1.5CNT and X_DVB-ST-VBC_3CNT nanocomposite systems. Therefore, carbon nanotubes with their extended p-conjugation are able to further improve the CO 2 adsorption with respect to N 2 .
All these results conrms a necessary trade-off between absolute adsorption and selectivity oen registered in literature. In fact, simultaneous improvements in selectivity and absolute adsorption had been only generally obtained by introducing moieties able to enhance CO 2 binding affinities, like amines. 5, 21, 60, 61 Nevertheless, there are many cases in which the increase of the selectivity occurs with a decrease of the overall CO 2 uptake. For instance, Dawson et al. 62 synthesized microporous copolymers starting from aniline and benzene. With increasing the content of aniline, CO 2 /N 2 selectivity increases from 15.9 to 49.2 but CO 2 uptake decreases from 1.61 mmol g À1 to 0.35 mmol g À1 . In our systems, the best compromise was found for the nanocomposite system X_DVB-ST-VBC_1.5CNT, for which the recorded CO 2 uptake was found 0.80 mmol g À1 and the corresponding CO 2 /N 2 selectivity was 20.9. Nevertheless, for our systems there is still room for further functionalization of the MWCNT or the resin itself to promote even more selective CO 2 /N 2 adsorption, but the obtained results indicate that the loading of nanotubes to low VBC content Davankov-type resins is a promising basis to realize highly selective systems.
H 2 adsorption. As widely stated, the spread of hydrogen for fuel applications is still limited by the lack of a cost-effective, efficient and safe method to store the gas. Research are currently underway to enhance H 2 absorption properties of organic materials. 63 The isosteric heat of H 2 adsorption for most carbonaceous materials is too low to enable signicant adsorption phenomena at room temperature and H 2 adsorption is usually investigated at 77 K. 64 In this view, hydrogen adsorption analysis were performed at 77 K and up to 750 mmHg on the realized systems, in order to evaluate the effect of the monomer composition and the nanotube addition on the H 2 uptake of the resins. Results are reported in Table 1 and show adsorption values comparable to those reported in literature. [65] [66] [67] [68] [69] [70] As already observed for the room temperature CO 2 uptake, H 2 uptake at 77 K is not directly correlated to the SSA, as at 750 mmHg the X_DVB-VBC and the X_DVB-ST-VBC resins show comparable values of hydrogen adsorption. As concerning the effect of the nanotubes, MWCNT-PVBC inclusion was not able to induce signicant changes in the hydrogen adsorption capacity of the X_DVB-ST-VBC resin, while it promoted an increased uptake for the X_DVB-VBC resin. By adding 1.5 or 3.0 phr of MWCNT-PVBC, the hyper-crosslinked DVB-VBC resin capacity increased by 25 or 21%, respectively. Both these HCL nanocomposites show higher SSA and room temperature CO 2 uptake with respect to the neat X_DVB-VBC resin, evidencing that the addition of nanotubes is able to improve the overall adsorption properties of the system.
Phenol extraction. Phenol extraction by using hypercrosslinked resins is a promising approach for water purica-tion. 58, 71, 72 The phenol adsorption capacity of these systems are affected by several factors including SSA, pore structure, and affinity between adsorbate and adsorbent.
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Phenol adsorption capacity of HCL resins and nanocomposites was evaluated by phenol extraction tests from water solutions. Fig. 7 shows the equilibrium phenol adsorption curves of the investigated materials. Adsorption equilibrium curves were tted with the Freundlich equation
where Q (mmol kg À1 ) is the amount of adsorbate extracted for
Freundlich coefficient indicating the adsorption capacity and n is a parameter used as an indicator of the intensity of the adsorption. Higher the maximum capacity, higher the Freundlich coefficient. Lower the n value, more favorable is the adsorption. 17 The calculated Freundlich parameters K F and n are reported in Table 2 .
DVB-VBC resins and nanocomposites showed slightly higher adsorption capacity than the DVB-ST-VBC systems. In particular, X_DVB-VBC reaches values of adsorption comparable to those found in literature for similar resins.
17 By addition of 1.5 phr of MWCNT-PVBC an appreciable increase in phenol uptake was registered for both the compositions, with a corresponding increase of the K F coefficient. At higher CNT loading, a decrease of the phenol adsorption capacity of the systems was recorded. It is noteworthy that X_DVB-ST-VBC_1.5CNT reaches values of adsorption higher than X_DVB- VBC, even if X_DVB-ST-VBC_1.5CNT has signicantly smaller specic surface area. As there is not a direct correlation between the SSA and the phenol uptake, the improved adsorption capacity of the systems containing 1.5 phr of nanotubes can be mainly ascribed to their higher microporosity, obtained as a consequence of the effective nanotube addition.
Conclusions
In this work properly modied multi-walled carbon nanotubes (MWCNT) were for the rst time incorporated into a styrene/ vinylbenzyl chloride/divinylbenzene hyper-crosslinked resin obtained by post-crosslinking of a lightly crosslinked type precursor. In order to promote the embedding of the nanotubes within the gel-type precursor, a proper surface modication strategy was set up, based on the graing of a poly(vinylbenzyl chloride) (PVBC) resin onto the surface of the nanotubes, able to react with the resin, through the chloromethyl groups, during the hyper-crosslinking step.
FTIR spectroscopy evidenced that modied carbon nanotubes do not negatively affect neither the suspension polymerization of the lightly crosslinked resin, neither the hypercrosslinking step. By addition of modied carbon nanotubes, a complex morphology of the precursor nanocomposite beads was revealed by SEM analysis.
Carbon nanotubes slightly affect the SSA of the nal resins, with moderate changes recorded as a function of the nanoller loading and the composition of the resin. Nevertheless, for both the investigated compositions, at low nanoller loadings a signicant increase of the microporosity fraction was observed, up to 64% for the sample X_DVB-VBC_1.5CNT, that also showed improved CO 2 uptake (up to 3.55 wt%) and H 2 uptake (up to 1.39 wt%). Interestingly, also for the system X_DVB-ST-VBC, containing the styrene co-monomer and showing lower SSA, at 1.5 wt% CNT loading, an increase of the CO 2 uptake was recorded, reaching values comparable to those obtained for the X_DVB-VBC systems.
Moreover, despite the absence of proper functionalization strategies aimed at inserting moieties with high affinity towards CO 2 , the addition of nanotubes also promoted an increase of the CO 2 /N 2 selectivity, thus indicating that the embedding in Davankov-type resins of carbon nanotubes, characterized by their extended p-conjugation, is a promising approach to realize highly selective systems towards CO 2 absorption.
Finally, preliminary tests of phenol adsorption from water solutions were carried out to evaluate possible applications of the investigated systems for water remediation. Also in this case, the addition of carbon nanotubes to the resins was able to improve the overall adsorption capacity of phenol, in particular for the DVB-VBC system.
All these results conrm that the addition of the properly surface modied carbon based nanollers, able to interact with the hosting resin during the synthesis of the precursor and to participate to the hyper-crosslinking reaction, is a promising approach to modulate and improve either the gas sorption properties either the removal ability of organic contaminants from water of styrene/vinylbenzyl chloride/divinylbenzene microporous polymers. 
